friendly and economical markers could be developed that would target mutant alleles underlying the trait. Previously, a mutant allele of ahFAD2A was characterized as having a 448G>A transition, and two ahFAD2B alleles were found with either a nonsense mutation caused by a single nucleotide insertion (441_442insA) (high O/L line F435) or a transposable element insertion (Flavorunner 458) . A cleaved amplifi ed polymorphic sequence (CAPS) marker targeting the 441_442insA site in ahFAD2B was designed. 'Georgia-02C' and 'Georgia Hi-O/L', derivatives of irradiation-induced high O/L mutants, showed CAPS marker and sequence data diagnostic for the genetic mutations in ahFAD2 found in the spontaneous mutant line F435. In addition, confl icting reports regarding the organization of ahFAD2 genes and ahFAD2B mutations were reexamined. Our data clearly show that molecular markers can be used to screen for known ahFAD2 mutations and that only two mutant ahFAD2B alleles are present in the U.S. high O/L cultivars. Genetic markers based on these mutations have utility for detecting seed mixtures and heterozygotes, and can accelerate introduction of the high O/L trait into peanut breeding lines.
The fi rst high O/L peanut, F435, was reported by Norden et al. (1987) as a spontaneous mutant. Numerous high O/L peanut cultivars such as 'SunOleic 95R', 'SunOleic 97R', 'Tamrun OL01', 'Tamrun OL02', 'Olin', 'Georgia 04S', 'Andru II', 'Florida-07', and 'Hull' (Branch, 2005; Gorbet, 2006 Gorbet, , 2007 Knauft, 1997, 2000; Gorbet and Tillman, 2009; Simpson et al., 2003a Simpson et al., ,b, 2006 have been derived from F435 via traditional breeding eff orts. Delta-12-desaturase (oleoyl-PC desaturase) catalyzes the addition of the second double bond onto oleic acid to produce linoleic acid. Absence of the enzymatic activity of delta-12desaturase is primarily responsible for the high O/L trait in peanut (Ray et al., 1993) . Since peanut is allotetraploid, two homeologous genes, ahFAD2A and ahFAD2B, Ol 1 and Ol 2 , (Jung et al., 2000b) sharing 99% sequence homology in the coding region, encode this enzyme. Inactivation of both genes is required for high O/L trait expression in peanut. Variation of O/L ratio within the normal O/L range has been reported, suggesting epistatic regulation or the contribution of other FAD genes (Isleib et al., 2006) . Since the mutations in ahFAD2A and ahFAD2B induce the change from normal O/L to high O/L production (Bruner et al., 2001; Yu et al., 2008) , these two genes are the primary targets of this research. Genetic control of the high O/L trait in peanut has been studied independently for F435 (Lopez et al., 2000 (Lopez et al., , 2002 and F435-derived high O/L cultivars (Jung et al., 2000a,b; Patel et al., 2004) . Data from these studies showed that there was a 448G>A transitional mutation in the ahFAD2A allele. This mutation also has been found in 31.6% of the accessions from the minicore collection of peanut germplasm by a cleaved amplifi ed polymorphic sequence (CAPS) marker targeting the mutation site (Chu et al., 2007) . For ahFAD2B, Lopez et al. (2002) reported that an "A" insertional mutation leads to a premature stop codon in the ahFAD2B allele, whereas Jung et al. (2000a) reported that a severe suppression of ahFAD2B expression in immature seeds is responsible for the high O/L trait, and the genetic basis for the suppression is unclear (Patel et al., 2004) . This diff erence has been ascribed to the source of the high O/L trait, that is, F435 versus its derivative lines. In addition, the putative ahFAD2B promoter region was suggested to be within a ~500-bp region upstream of the coding region (Jung et al., 2000b; Patel et al., 2004) , but the same region was reported to be part of a 1.6-kb intron upstream of the coding region (Lopez et al., 2000) . It is important to reconcile the discrepancies in the literature and clarify the genetic mutations and genomic structure of the ahFAD2B gene.
Besides the spontaneous high O/L mutant F435 selected by the University of Florida breeding program, two other high O/L peanut lines were developed through chemical mutagenesis. High O/L peanut cultivar C458 (also named Mycogen-Flavorunner or Flavorunner 458) was selected from ethyl methanesulfonate-treated 'Florunner' (U.S. patent 5948954). M2-225, a peanut germplasm, was generated by diethyl sulfate mutagenesis treatment of AT-108 (U.S. patent 5945578). The origin of C458 and M2-225 was erroneously described as two events from diethyl sulfate mutagenesis, although the genetic basis for the high O/L trait in M2-225 and C458 was revealed (Patel et al., 2004) . Both lines have the 448G>A mutation in the ahFAD2A allele. As for the ahFAD2B allele, a miniature-inverted-repeat-transposable element (MITE) was inserted at 665 and 997 bp of the coding regions of C458 and M2-225, respectively, which resulted in several premature stop codons (Patel et al., 2004) . However, while conducting preliminary screening for the MITE insertion in C458, some individuals of C458 were observed that did not contain the MITE in ahFAD2B.
Gamma-radiation treatment also provided a reportedly new source of the high O/L trait in peanut. 'Georgia-02C' and 'Georgia Hi-O/L' have a high O/L donor in their pedigree that was selected from 'Georgia Runner' subjected to γ-radiation (Branch, 2000; Branch, 2003) . Another high O/L cultivar Georgia-05E was released from a cross between 'Georgia-01R' × GA 942010. The pedigree of the high O/L advanced breeding line GA 942010 was not clearly described (Branch, 2006) ; therefore, the genetic mutation in Georgia-05E was of interest. Georgia-02C is frequently used as a high O/L parent for peanut breeding due to its resistance to cylindrocladium black rot (caused by Cylindrocladium parasiticum) and tomato spotted wilt virus (Branch, 2003) . Currently, peanut breeders still have to test the seed oil content for high O/L progeny selection, which requires expensive instrumentation. Furthermore, the biochemical assay does not reveal the presence of a single mutant allele or gene since the high O/L trait is recessive. Revealing the genetic mutations in these high O/L peanut cultivars would help peanut breeders more rapidly pyramid the high O/L trait into additional elite cultivars.
The objectives of this research were (i) to resolve the discrepancies for the mutation of ahFAD2B in F435 and its derivate high O/L lines, (ii) to reveal the mutations in the Georgia high O/L lines derived from γ-radiation mutation, and (iii) to determine the ahFAD2B sequence in seeds obtained from lots of C458 where the MITE insertion was no longer present. Our data summarize genetic mutations for sources available for high O/L peanut breeding and their respective genetic markers, which can help peanut breeders integrate the high O/L trait into their cultivars via molecular breeding.
MATERIALS AND METHODS

Plant Materials
The source and pedigree of plant materials used in this study are listed in Table 1. the ahFAD 2 genes were used to amplify full-length transcripts. Amplicons were cloned and sequenced as described below.
CAPS Markers, Cloning, and Sequencing
The 448G>A mutation in ahFAD2A was detected as described previously (Chu et al., 2007) . Briefl y, the genomic DNA was amplifi ed with primers aF19 and 1056 ( Table 2 ). The polymerase chain reaction (PCR) condition was 94°C for 5 min followed by 35 cycles of 94°C for 30 s, 48.5°C for 30 s, and 72°C for 1 min. The fi nal extension step was at 72°C for 7 min. The PCR reaction was purifi ed with QiaQuick PCR purifi cation kit (Qiagen, Valencia, CA). Eight microliters of the purifi ed PCR products were digested with 0.4 U of Hpy99I restriction enzyme (New England Biolabs, Ipswich, MA) at 37°C for 1 h. The digested products were separated on a 2% (w/v) agarose gel and stained with SYBR Green.
To detect the 441_442insA mutation in the ahFAD2B allele, primers 1344 and 1345 (Table 2) were designed to amplify the coding region of ahFAD2 genes with a single Hpy188I recognition site using Jumpstart Taq DNA polymerase (Sigma, St. Louis, MO) with a total PCR reaction volume of 25 μL. Amplifi cation conditions were initial denaturation at 94°C for 5 min; 35 cycles of 94°C for 30 s, 51°C for 30 s, 72°C for 30 s; fi nal extension at 72°C for 7 min. Eight μL of the amplifi cation reaction were digested by adding 4.8 μL of water and 0.2 μL or 2 U of Hpy188I (New England Biolabs, Ipswich, MA). The digestion was performed at 37°C overnight. Digested products were separated on a 2% (w/v) agarose gel. Depending on whether the template DNA was from a high O/L cultivar or an F 1 hybrid, the gel was stained with ethidium bromide or SYBR Green (Invitrogen), respectively. Gels were imaged by a Molecular Imager Gel Doc XR system (Bio-Rad, Hercules, CA). Primers bF19/ R1(FAD) ( Table 2) were used to amplify the ahFAD2B full
DNA Extraction
DNA extraction from leaf tissue was performed by a hexadecyltrimethylammonium bromide (CTAB) method as described previously (Singsit et al., 1997) . The method of DNA extraction from seeds followed a protocol for Southern blot with minor modifi cations (Sharma et al., 2002) . Briefl y, approximately 50 mg of seed tissue was ground at room temperature in 250 μL of homogenizing solution (5 M NaCl, 2% [w/v] N-lauroyl-sarcosine) using a blue pestle mounted onto a Tri-R Stir-R homogenizer (Tri-R Instrument, Rockville Centre, NY) set at speed level 2. The mixture was centrifuged at 13,000 rpm for 5 min. The supernatant was extracted with an equal volume of chloroform:iso-amyl alcohol (24:1). The aqueous phase was further extracted with 2 volumes of 2x CTAB extraction buff er (100 mM Tris-HCl, 20 mM EDTA, 1.4 M NaCl, 2% (w/v) CTAB, 1% (w/v) PVP-40,000, 0.2% (v/v) 2-mercaptoethanol) at 65°C for 15 min. An equal volume of chloroform:iso-amyl alcohol (24:1) was added to the extraction buff er and mixed well. After centrifuging at 13,000 rpm for 5 min, 1/30 volume of 3 M sodium acetate (pH 5.2) was added to the supernatant. The precipitates were spun down and the supernatant was transferred to a new tube. DNA was precipitated with 0.6 volume of isopropanol and rinsed with 70% (v/v) ethanol. The DNA pellet was resuspended in 100 μL TE buff er.
Reverse Transcription PCR and Sequencing
Georgia-02C seeds were harvested and classifi ed into four developmental stages, Stage 1 being immature and 4 being mature (Paik-Ro et al., 2002) . RNA was extracted from seeds at developmental stages 2 and 4 using the Plant RNeasy Kit (Qiagen, Valencia, CA). Reverse transcription was performed with a Superscript III fi rst-strand synthesis system (Invitrogen, Carlsbad, CA). Primers (1320 sense 5′-gcgagattcatcataggag-3′; 1321 antisense 5′-ggcaaatccacacacacat-3′) that anneal to the 5′ and 3′ UTRs of (2003) Georgia-02C_2006_88LS C.C. Holbrook
Georgia-02C_2006_Border C.C. Holbrook
Georgia-02C_2007_12 C.C. Holbrook
Branch (2000) 'Georgia-05E' R. Johnson 'Georgia-01R' × GA 942010 (advanced high O/L breeding line)
Branch (2006) 'Florida-07' C.C. Holbrook 89xOL14-11-1-1-1-b2-B (F435-HO1 derivative) × C-99R Gorbet and Tillman (2009) 'SunOleic 97R' C.C. Holbrook F435 × 'Sunrunner' Gorbet and Knauft (2000) 'Hull' C.C. Holbrook F 1 (Southern Runner × F435-HO) × UF81206 Gorbet (2007) 'Andru II' C.C. Holbrook F 1 (F627B × 'Andru 93') × BC 3 (Sunrunner × F435-2-HO) Gorbet (2006) coding sequence. Hpy188I has either fi ve or six recognition sites in wild-type or mutant alleles, respectively. Complete digestion of the wild-type allele results in fi ve fragments of 736, 263, 171, 32, and 12 bp. The fi rst three fragments can be resolved by a 2% (w/v) agarose gel. The 736-bp fragment can be further digested into 505 and 213 bp in the mutant allele. To amplify the ahFAD2B allele from genomic DNA of C458 seeds, proof-reading Pfx DNA polymerase (Invitrogen) was used with primers bF19 and R1/FAD (Table 2) following the manufacturer's instructions. Amplicons were purifi ed with a gel purifi cation kit (Qiagen) and cloned into TOPO bluntend cloning vector (Invitrogen). Sequencing was performed by the Sequencing and Synthesis Facility at the University of Georgia (Athens, GA). Vector NTI version 10 (Invitrogen) was used for sequence analysis and primer design.
Gas Chromatography Measurement of Seed Oil Composition
Oil composition in one cotyledon from each of the seven seeds with the MITE insertion and seven seeds without the MITE insertion from C458 was measured by gas-liquid chromatography ( Jellum and Worthington 1966) .
RESULTS AND DISCUSSION
Transcript Sequence for the ahFAD2B F435 Allele
To design primers that would amplify full-length transcripts of ahFAD2B, it was necessary to resolve discrepancies in the description of the upstream region of the gene. Two complete mRNA sequences of ahFAD2B (GenBank ID EF186911 and EF192432) have a 75-bp 5′UTR. The fi rst 55 bp of the mRNA sequence is not contiguous with the downstream sequence when aligned with the published ahFAD2 genomic sequence (AF248739), suggesting the presence of an intron. The 55-bp fragment, when aligned with the genomic sequence, is identical to a region 1583 bp upstream of the coding region, which supports the prediction of an intron by Lopez et al. (2000) . Primer no. 1320 was designed in the sense direction starting from the beginning of the 55-bp fragment. Primer no. 1321 was designed within the 3′UTR of ahFAD2. mRNAs from Georgia-02C immature seeds at Stages 2 and 4 were reverse transcribed and served as templates for reverse transcription PCR (RT-PCR). All the templates gave a product size of 1.3 kb as predicted. Therefore, the published complete mRNA sequence along with our amplifi cation results concur with the predicted 1.6-kb intron described in Lopez et al. (2000) . The genomic structure of ahFAD2 is illustrated in Fig. 1 . Previously, a large intron in the 5′UTR of FAD2 was reported in cotton (Gossypium hirsutum L.), Arabidopsis, and sesame (Sesamum orientale L.) (Kim et al., 2006; Okuley et al., 1994; Pirtle et al., 2001) . Functionally, this intron region in sesame acts as an enhancer of SeFAD2 expression (Kim et al., 2006) .
Since Georgia-02C was reported to have derived the high O/L trait from a selection of Georgia Runner treated by γ-radiation (Branch, 2003) , the full-length ahFAD2 transcripts from Georgia-02C using primers 1320/1321 was cloned and sequenced. Ninety-six percent of clones (22/23) from Stage 2 and 71% (10/14) from Stage 4 seeds were classifi ed as the ahFAD2A allele based on the published single nucleotide polymorphisms ( Jung et al., 2000b) between ahFAD2A and ahFAD2B alleles, two of which are ahFAD2B wild-type allele has a fragment size of 1.2 kb † Primer sequences from Patel et al. (2004) .
shown in Fig. 1 . All ahFAD2A sequences carried the transitional mutation 448G>A that predicted a D150N amino acid substitution. Only 13.5% (5/37) of clones sequenced represented ahFAD2B (1 from Stage 2 and 4 from Stage 4). Unexpectedly, all of them had a 441_442insA mutation, the same as the spontaneous mutant line F435. Most recently, a Chinese group also revealed the same mutation in their radiation-induced high O/L lines E11, E12, E16, and E18. The high O/L phenotype of this 441_442insA mutation was confi rmed by a yeast transformation system (Yu et al., 2008) . Gamma radiation has been used to generate a large number of mutant lines for plant functional genomics studies (Tadege et al., 2005) . Characterization of mutations induced by γ-rays has shown that they are more likely to be random deletions and chromosomal rearrangements than single nucleotide insertions (Bruggemann et al., 1996; Li et al., 2001; Nambara et al., 1994; Shirley et al., 1992) . The deletions and chromosomal rearrangements often induce large enough fragment size changes to allow detection by gel electrophoresis, whereas a single nucleotide insertional mutation would be diffi cult to detect without prior knowledge of DNA sequence. The 441_442insA mutation found in Georgia-02C and the E lines from China that 100% matched with that of the previously discovered spontaneous mutant line F435 is atypical for an irradiation-derived mutation. Previously, Jung et al. (2000b) attempted to clone the mutant ahFAD2B allele using mRNA extracted from Stage 2 of immature peanut seeds. Out of 13 clones from an F435 descendent, 8-2122, none belonged to the ahFAD2B allele. In our study, 23 clones from Stage-2 seeds were screened and only one clone was identifi ed as the ahFAD2B allele. It is likely that diff erences in transcription rates between the two ahFAD2 genes and/or rapid turnover of transcripts of the mutant allele are responsible for the low frequency among RT-PCR clones. Nonsense-mediated mRNA decay (NMD) is a universal cellular surveillance system that prevents truncated mRNA from producing deleterious proteins in plants and animals (Muhlemann et al., 2008) . The 441_442insA mutation in the ahFAD2B allele causes a premature stop codon for translation; therefore, transcripts from the mutant allele would be subject to NMD and reduced in steady-state expression level. Transcription of this mutant allele also has been documented among expressed sequence tag sequences of a Chinese cultivar Huayu81 (GenBank ID DQ367891 and DQ494196). Unfortunately, the origin of the cultivar is not described in the literature.
CAPS Marker for the ahFAD2B F435 Allele
To develop a rapid screen for the F435 allele containing the 441_442insA mutation, the sequence was submitted to New England Biolab's enzyme cutter program (http:// tools.neb.com/NEBcutter2/index.php [verifi ed 21 Aug. 2009]). Enzyme Hpy188I has a recognition site sequence of 5′-TCNGA-3′, which due to the 441_442insA mutation, occurs as TCAGA in the ahFAD2B mutant allele Table 2 and position (in parentheses) are given. Other positions indicated are the boundaries of the intron, the enlarged portion of the coding region containing the mutation sites, the miniature-inverted-repeat-transposable element (MITE) insertion, and the stop codon. The nonfi lled frames indicate the digestion patterns of the markers. Primer combinations for each marker are designated above each frame.
(the 441_442insA mutation is bolded and underscored). The mutant allele, therefore, can be digested by Hpy188I (Fig. 1) , whereas the ahFAD2B wild-type and ahFAD2A alleles cannot. Primer pair 1344/1345 was designed to amplify a 658-bp fragment of the coding region of both ahFAD2A and ahFAD2B genes, which encompasses the single recognition site for Hpy188I for the mutant allele. Only amplicons from the ahFAD2B mutant allele carrying the 441_442insA mutation can be digested into two fragments of 521 and 137 bp (Fig. 2) . The previously published ahFAD2B specifi c primer pair bF19/R1(FAD) was also used. Although the amplicons have multiple Hpy188I recognition sites, the B allele specifi city allows the detection of heterozygosity, which is useful in breeding programs. Previously, CAPS markers for the high O/L trait in peanut were reported (Lopez and Burow, 2004) . However, limited information was provided to aid in application of the markers for a breeding program.
Genotyping for ahFAD2B in Commercial Cultivars and Their F 1 Hybrids
The ahFAD2B mutant allele 1344/1345_Hpy188I marker was tested on seven high O/L peanut cultivars, including fi ve lots of locally grown Georgia-02C ( Fig. 2A ). All high O/L cultivars tested demonstrated the 441_442insA mutant allele of ahFAD2B. Georgia Green, a normal O/L control, showed no digestion by Hpy188I. One lot of Georgia-02C certifi ed seeds (Georgia-02C_Plains) was tested, and the same results were obtained as with other lots of Georgia-02C (data not shown). Other high O/L cultivars derived from F435 such as SunOleic 97R, Andru II, Florida-07, and Hull showed the expected mutant allele of ahFAD2B. Interestingly, the seed lot of cultivar Hull either was segregating for mutant and wild-type alleles or was impure. Since the pedigree of high O/L cultivar Georgia-05E was not clearly described (Branch, 2006) , both CAPS markers for ahFAD2A and ahFAD2B alleles were tested (Fig. 2B) . Arachis hypogaea accession PI 493880, which was shown to have the wild-type ahFAD2A and B alleles, was used as a wild-type control (Chu et al., 2007) . Both Georgia-05E and Georgia Hi-O/L have the 441_442insA mutation in the ahFAD2B allele and 448G>A mutation in the ahFAD2A allele. All these data further confi rmed that the F435, F435 derivative lines and Georgia γ-irradiated lines carry the same genetic mutations for the high O/L trait. The presence of the 441_442insA mutation also was tested in four F 1 seedlings from Tifguard (Holbrook et al., 2008) × Georgia-02C (cross C1804) and Tifguard × Florida-07 (cross C1805) using the bF19/R1(FAD)_Hpy188I marker (Fig. 2C) . Three F 1 seedlings demonstrated heterozygosity, and one of the F 1 s from C1805 was shown to be a self. The data indicate that this marker is sensitive enough to detect heterozygosity in hybrids.
Since chemical mutagenesis induced two lines, C458 and M2-225, that have a 225-bp MITE insertion in the ahFAD2B allele, direct PCR amplifi cation of the coding region resulted in length polymorphism that could be detected by gel electrophoresis. This polymorphism was detected using the published primers, bF19 and R1/ FAD (Table 2) , that specifi cally amplify a region of the ahFAD2B allele that encompasses the MITE insertion site (Patel et al., 2004) . A mix of wild-type and high O/L C458 mutant DNA gave amplifi cation of a double band. The size diff erence corresponded to that of the MITE fragment indicating that heterozygotes could be detected by this marker (data not shown). In our breeding program, variation in several C458 seed sources was observed. Out of 413 seedlings or seeds of C458 from two seed sources that were tested, 0.58% of the seeds did not have the MITE fragment. Upon sequencing ahFAD2B from seven C458 seeds without the MITE insertion, six of the seven had the 441_442insA mutation that defi nes the F435 allele. Their O/L ratios ranged from 17.65 to 35.5, similar to C458 seeds with the MITE insertion (O/L ratio: 20.56 to 35.53). Only one seed had a wild-type ahFAD2B allele and its O/L ratio was 1.24. These data suggest that some seed sources of C458 have been contaminated by F435 or its derivatives. In addition, the gas chromatography measurement of oil composition fully supports the prediction of the high O/L trait by the mutation type. In U.S. peanut cultivars surveyed, only two mutant alleles were found for ahFAD2B that, in combination with the ahFAD2A mutation, govern the high O/L trait. For the convenience of peanut breeders to select suitable markers for high O/L breeding projects, the high O/L cultivars and their respective markers are listed in Table 2 . The combination of our new CAPS marker for the ahFAD2B mutant allele with the previously published ahFAD2A allele marker (Chu et al., 2007) makes molecular breeding for high O/L peanut a realistic approach.
